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Abstract
The effects of chemical interaction of a biocide with formation rocks on the rock geomechanical properties are examined. A
combination of analytical tests (scanning electron microscopy/energy-dispersive X-ray analysis, X-ray powder diffraction and
particle size distribution) and uniaxial compression test was used in this study. The particle size distribution in the effluent
showed an increase in D50 with poor sorting for the chemically treated outcrop carbonate core samples. The XRPD shows
evidence of altered minerals in the chemically treated samples. It was observed that the interaction led to precipitation of new
materials that clogged the pore space of the samples leading to up to 150% increase in compressive strength of the carbonate
following treatment with the biocide. The results give more insight into the limitations of existing sand production prediction
models with respect to the effect of oilfield chemicals on the strength of the reservoir rocks.
Keywords Chemical interaction . Glutaraldehyde . Dolomite . Uniaxial compressive strength . Reservoir rock
Introduction
Biocides are typically used in oil and gas industry to control the
activities of undesirable bacteria and microorganisms that
produce some substances, such as H2S and organic acids,
which can cause corrosion of production tubulars, casings and
facilities. Unfortunately, the deleterious effect of the interaction
of the biocide with the reservoir rock has not always been
accounted for nor widely studied. The interaction of chemicals
with the reservoir rocks under static condition has not been
widely published. Seto et al. (1997) examined the effect of poly-
ethylene oxide (PEO), aluminium chloride (AlCl3) and
dodecyltrimethylammonium bromide (DTAB) on sandstone un-
der static condition to establish fundamental knowledge for
chemically assisted fracturing. It was found that these chemicals
did not cause any significant change in the compressive strength
of the sandstone. The chemistry and composition of the
chemicals used in the work are different from those of biocide
and other commonly used oilfield chemicals. Wuyep et al.
(2018) investigated the effect of a scale inhibitor (amino
trimethylene phosphonic acid) ATMP, a biocide
(glutaraldehyde) and a corrosion inhibitor (betaine) on the
strength of reservoir rocks under static condition to quantify the
effects of these chemicals on sand failure. This current work
further explores the deleterious effect of a biocide on the
geomechanical strength of outcrop carbonate rock with a view
to drawing comparison if any, between the effects of the chem-
ical on carbonate reservoir rocks and outcrop samples under
static condition.
Materials and method
The biocide used in this study is glutaraldehyde (C5H8O2),
and it was obtained from REDA Oilfield UK. Ltd1, whilst a
1 REDA Oilfield UK Limited, Arnhall Business Park, Aberdeen AB32 6UF,
UK (www.redaoilfield.com)
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synthetic brine with the composition shown in Table 1 was
used as control. Four (4) cylindrical outcrop core samples
with a diameter of 38 mm and length of 51 mm obtained
from Texas, USA, through Kocurek Industries Ltd were
the substrates.
Static saturation
The saturation was done by putting each core sample in
three separate beakers and filling two of the beakers with
1 wt% glutaraldehyde well enough to cover the cores. In a
similar manner, the third beaker was filled with the brine
well enough to cover the core. The setup was left to stay
with a lid for 7 days to ensure complete saturation. The
cores were removed from the fluids after 7 days, aired and
oven dried at 106 °C and then prepared for mechanical
testing, SEM/EDX and XRPD analyses. The effluents
from the core saturation were analysed for particle size
distribution, pH and cation concentration (Ca2+, Na+ and
Mg2+) by ICP-OES. Full details of the procedures for the
brine and chemical preparation, analyses as well as
saturation detail can be found in Wuyep et al. (2018)
and Oluyemi (2014).
Mechanical testing, SEM/EDX and XRPD analyses
Uniaxial compression test was performed on both un-
treated and chemically treated rock samples to deter-
mine the strength of the rock pre- and postchemical
treatment. The length to diameter ratio of the cores
was 1.3 which is lower than the standard ratio of 2–
2.5. As such, the strengths were corrected using the
strength correction factors of 0.93 suggested by ASTM
(1991) and 0.87 suggested by BS 1881, part 120.
Scanning electron microscopy (SEM), energy-dispersive
X-ray (EDX) and X-ray powder diffraction analyses
(XRPD) were carried out to evaluate the morphology,
elemental and mineralogical composition of the rock
samples before and after chemical treatment. Details of
the analytical procedures can be found in Wuyep et al.
(2018). Particle size distribution analysis of the effluents
from the core treatment was also conducted using a
Malvern Mastersizer S.
Results and discussion
Evaluation of elemental and mineralogical
composition of the rock sample
A cross section of untreated carbonate (Edward brown) under
SEM (Fig. 1a) revealed dolomitized limestone with moderate-
ly sorted euhedral-subhedral dolomite (CaMg(CO3)2) mineral
with sucrosic texture (Wuyep et al. 2020). Observed in the
SEM micrograph were cloudy centres and light rims which
are typical of dolomites (dotted spheres in Fig. 1a). The dolo-
mite grains are coated with pore filling calcite and authigenic
clay minerals (Fig. 1a, b, c). Several interconnected pore
spaces shown as ‘P’ in Fig. 1a are observed in the sample.
The EDX spectrum (Fig. 1d) indicates the presence of Mg
(5.79 wt%), C (5.16 wt%), O (70.20 wt%) and Ca (10.88
wt%) which is typical of dolomitic carbonate. Other elements
observed in the sample are Al (2.20 wt%) K (0.65 wt%), Cl
(0.44 wt%), Si (4.30 wt%) and Fe (0.38 wt%). The presence of
Al, K, Si, Ca and Mg typifies illite, kaolinite and mixed-layer
illite/smectite content. The presence of Cl is an indication that
the sample contains halite, whilst the Fe content indicates the
presence of pyrite in the sample.
XRPD whole rock analysis of the untreated carbonate (Fig.
2a) further confirms the presence of dolomite (73.8 wt%),
calcite (21.2 wt%), quartz (3.7 wt%), pyrite (0.2 wt%), halite
(0.2 wt%) and multi-layer illite/smectite (0.9 wt%). Clay frac-
tion analysis with XRPD (Fig. 2b) confirms the presence of
kaolinite (7%), illite (7%) and multi-layer illite/smectite
(86%).
On the other hand, the SEM micrograph (Fig. 3a) shows
the brine-treated carbonate to have about 50% of the pore
spaces filled with the precipitated materials which are believed
to have originated from the dissolution and precipitation reac-
tions that took place during the interaction of the rock and the
brine. Meanwhile, the SEM of the glutaraldehyde treated car-
bonate shows that over 90% pore spaces were filled with
precipitates (Fig. 3b). EDX spectrum (Fig. 3c) reveals that
the brine-treated sample also contains Ca (17.09 wt%), Mg
(6.59 wt%), C (3.95 wt%), Na (1.20 wt%), O (63.13 wt%), Al
(1.25 wt%), Si (3.73 wt%), Cl (2.02 wt%), K (0.48 wt%) and
Fe (0.56 wt%). Similarly, EDX scan (Fig. 3d) indicates the
presence of Ca (17.16 wt%), O (67.74 wt%), Mg (6.40 wt%),
Al (1.16 wt%), C (2.90 wt%), Si (3.19 wt%), K (0.54 wt%), Fe
(0.60 wt%) and Cl (0.31 wt%) in the glutaraldehyde treated
Table 1 Brine composition
(modified after Jordan and
Sjursaether 2005, Vazquez et al.
2016)






Concentration (ppm) 24870 887 785 561 108 3 39800 35 2014
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carbonate. The 58% and 11% increase in Ca and Mg contents
respectively in the glutaraldehyde and brine-treated samples
might have originated from the interaction between the fluids
and the rock.
The increase in weight per cent of the key elements
(Ca and Mg) observed under EDX was confirmed by
the increase in weight percent of dolomite from 73.8
to 92.6 and 95.1 in the presence of brine and glutaral-
dehyde respectively under XRPD (Fig. 4). This suggests
precipitation reaction. In the same manner, dissolution
reaction was suggested by the reduction in the weight
percent of calcite from 21.2 to 2.3 and 1.6% following
treatment with brine and glutaraldehyde respectively.
The clay fraction (Fig. 4b) shows little or no change
with the clay minerals content (kaolinite, illite and
mixed-layered illite-smectite) when exposed to brine
and glutaraldehyde.
Comparing the results of characterisation of the untreated
carbonate with the chemically treated carbonate, it is obvious
that there is a change in the weight per cent of the elements
(Ca and Mg) and minerals (dolomite and calcite) composition
of the brine-treated carbonate. This is contrary to the general
belief that formation brine is in equilibriumwith the formation
rock in their natural environment and only destabilises/
disequilibrates in the presence of external forces (Fjaer et al.
2008). However, the reason for the contrast could be attributed
to the fact that the brine is synthetic, and the core samples were
outcrop.
The pH of glutaraldehyde solution and the brine were 7.5




















Fig. 1 Characterization of
untreated carbonate: a, b, c using
SEM at different magnifications
and d EDX spectrum showing the



































Fig. 2 XRPD analysis of
untreated carbonate. a Bulk
mineralogical. b Clay fraction
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and the pH remained unchanged after the saturation.
According to Karsa (2007), glutaraldehyde has increased ac-
tivity at a pH higher than 7.3; hence, the precipitation of car-
bonate minerals may have been made possible by the produc-
tion of alkalinity which could be due to sulphate reduction
(Meister 2013 & Morse et al. 2007).
The analysis of the effluents showed changes in con-
centration of Na+, Ca2+ and Mg2+. There was a 72% and
6% increase in Na+ and Ca2+ concentration in brine
effluent respectively, whilst the effluent of glutaralde-
hyde showed 65% and 35% decrease in the Na+ and
Ca2+ concentration respectively. Mg2+ was observed to
have increased by 25% and 19% in brine and glutaral-
dehyde effluents respectively. This is an indication that
Na+ and Ca2+ were adsorbed by the rock, whilst Mg2+


























Fig. 3 The SEMmicrographs of the carbonate treatedwith a brine, b glutaraldehyde, and the corresponding EDX spectrum for the carbonate treatedwith






































































Fig. 4 Bulk mineralogy (weight
%) and clay fraction
characterisation of treated
carbonate: a brine, XRPD; b
brine, clay fraction; c
Glutaraldehyde (XRPD); d glu-
taraldehyde, clay fraction
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The analytical results have shown that the interaction
between glutaraldehyde and the carbonates as well as the
interaction between the brine and the carbonates can lead
to precipitation of new materials that fill the pore spaces
(pore clogging). Apart from the fact that the pore clogging
due to precipitation causes formation damage, there is the
danger that it could lead to hydrocarbon production im-
pairment. It is noteworthy that there are instances where
the precipitated materials that fill the pore spaces may not
be as strongly cemented as in their original state. This can
cause grain fabric weakening which may lead to rock
failure (Wuyep et al. 2018, 2020). XRPD further confirms
the preponderance of dolomite (95.1 wt%) in the carbon-
ate. The change in weight percent of calcite and dolomite
supports the view of dissolution/precipitation reaction as
discussed earlier. According to existing literature
(Plummer et al. 1978), three simultaneous reaction mech-
anisms are identified with calcite dissolution process.
Thus, in this work, the likely reactions involving the cal-
cite dissolution and dolomite precipitation when the rock
is exposed to brine and glutaraldehyde are the following:
CaCO3 !HþCa2þ þ HCO−3 ð1Þ
CaCO3 þ H2CO03↔2HCO−3 ð2Þ
CaCO3 þ H2O↔Ca2þHCO−3 þ OH− ð3Þ
Ca2þ þMg2þ þ 2Cþ6O− !2HþCaMg CO3ð Þ2 ð4Þ
Based on Eqs. (2) and (3), the rate equation that accounts
for the dissolution and precipitation under ambient tempera-
ture was formulated as follows:
rfw rb
ð5Þ
where r is the specific rate of calcite dissolution (mol/m3/s),
separated in a forward rate rfw and precipitation in a backward
rate rb and k1, k2, k3 are the rate constants.
Grain size distribution analysis
Figure 5 a shows a slight difference in shape and key parameters
between the grain size distribution profiles of the original brine
and the brine effluents from the carbonates. This is consistent
with the visual observation of the effluents. The D10, D50 and
D90 values for the original brine and the brine effluents (Table 2)
from the carbonates were generally < 45 μm. On the other hand,
theD10,D50 andD90 values for the glutaraldehyde effluents from
carbonate increased remarkably (by a factor of 10) relative to
those of brine. The increase suggests that some reactions such
as dissolution/precipitation orchestrated by diffusion and
adsorption might have taken place between the chemical and
the rock samples that led to deterioration of the grain to grain
binding resulting in grains detachment and release into the fluid
stream. The result is consistent with earlier work byWuyep et al.
(2018) and Oluyemi (2014).
Effect of exposure to chemical on compressive
strength and Young’s modulus
Figure 6 a shows an increase in the compressive strength of
the carbonate (Edward brown) from 5.6 MPa when untreated
to 8.4 and 12.1 MPa owing to treatment with brine and glu-
taraldehyde respectively. The 50% and 100% increase in
strength of carbonate post-treatment with brine and
Table 2 Grain size distribution with sorting of the original brine and the
effluents based on Folk (1966) classification
Effluents Particle size (μm) Classification
Limestone D10 D50 D90 Sorting (σ1) Description
Original brine 3 7 30 0.01 Very well sorted
Carb-Brine 2 15 41 0.54 Moderately sorted
Carb-Glut 1 7 70 407 0.84 Moderately sorted




























Carb-brine Carb-Glut 1 Carb-Glut 2
(a) (b)
Fig. 5 Grain size distribution
profiles of a original brine and
brine effluent from carbonate and
b brine effluent and
glutaraldehyde effluent from
carbonate
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glutaraldehyde confirms the pore space filling by the precipi-
tated materials which was made possible by the dissolution/
precipitation reaction. However, the determined strength of
untreated carbonate (Edward brown) is outside the range of
declared strength (14–21 MPa) by Kocurek Industries Ltd.
The increase in strength results from the precipitates filling
the pore space, the phenomenon called pore clogging.
Unfortunately, there is danger of formation damage and for-
mation fluids production impediment with pore clogging. The
result is contrary to the weakening effect of chemical activity
of the pore water on chalk reported by Risnes et al. (2003).
The measured Young’s modulus, Ε, of carbonate from the
test results shows an increase in the modulus from 4 to 11 GPa
following treatment with glutaraldehyde and insignificant
change for brine-treated sample which has a modulus of 5
GPa (Fig. 6b). The measured values of the modulus for the
untreated, brine and glutaraldehyde treated rock samples are
within the typical range of Young’s modulus for carbonates
(3–27 GPa).
Conclusions
The effect of the interaction of biocide with the Edward
Brown carbonate rock analogous to reservoir rock has been
investigated under ambient and static conditions. Both un-
treated and chemically treated rock samples were
characterised using analytical and mechanical tests. The re-
sults show that chemical reactions, namely, diffusion, adsorp-
tion, dissolution and precipitation took place which led to
release of materials and filling of pore spaces with the new
materials. The overall results suggest the predominance of
precipitation reaction. The interaction between biocide and
carbonate rock led to precipitation of new materials that fill
the pore spaces giving a false strength which can be reduced
under a prevailing condition. The pore filling can lead to for-
mation damage and hydrocarbon production impediment. It is
worthy of note that the cementing of the precipitated materials
that fill the pore spaces may not be as strong as the original
cement material, thus can lead to grain fabric weakening and
hence decrease geomechanical strength.
It is important that the field operators factor the pore clog-
ging potential and grain fabric weakening effects of the bio-
cide in the evaluation of rock failure/damage program for
production optimization.
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Fig. 6 Stress-strain relationship
of untreated and chemically
treated Edward brown carbonate.
a Complete response to failure. b
Stress-small strain response
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